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Introduction {#sec001}
============

Neurodevelopment of infants born prematurely has been receiving a growing attention in the last decades. Several longitudinal cohort studies \[[@pone.0116552.ref001]--[@pone.0116552.ref003]\] reported that preterm infants are at higher risk of long-term disability and cognitive impairment than term infants. Many factors including feeding strategies could affect the development and function of the brain \[[@pone.0116552.ref004]\].

A high-energy and nutrient intake is currently recommended for preterm newborns in the attempt to achieve a postnatal growth that mirrors a fetus of equivalent postmenstrual age \[[@pone.0116552.ref005], [@pone.0116552.ref006]\]; this should be ideally achieved by means of fortified human milk \[[@pone.0116552.ref007]\]. Although a high protein and energy nutritional regimen leads to better weight growth and also to catch-up growth in head circumference \[[@pone.0116552.ref008]\], its effect on long-term neurodevelopment is controversial \[[@pone.0116552.ref009]--[@pone.0116552.ref011]\]. A recent randomized clinical trial showed that neurodevelopment at 24 months is similar between newborns fed nutrient-enriched formula and those fed standard full-term formula for 6 months corrected age (CA) \[[@pone.0116552.ref012]\]. However, during the initial weeks of life a full nutritional support is difficult in very low birth weight (VLBW) infants, due to the poor feeding tolerance related to gastro-intestinal immaturity. Thus, a relevant deficit in energy and nutrients is accrued during NICU stay and many preterm infants are growth restricted at discharge \[[@pone.0116552.ref013]--[@pone.0116552.ref015]\]. Evidence from studies about growth and development is controversial: some studies suggest that better growth in weight and head circumference has a positive effect on development, probably mediated by a better brain growth and neurological maturation \[[@pone.0116552.ref014]--[@pone.0116552.ref017]\], other studies report that the positive effect of human milk feeding overcomes the delayed weight gain associated to the lower protein and energy intake of human milk compared with formula milk \[[@pone.0116552.ref018], [@pone.0116552.ref019]\].

In order to elucidate the complex relationship linking nutrition with neurodevelopmental outcomes, we examined the impact of human milk feeding during hospitalization on 24 month CA neurodevelopment in two ways. First, we measured the effect of human milk feeding on neurodevelopment after adjusting for the effects of perinatal and early postnatal factors using a multiple linear regression model. Second, we developed a path analysis model that takes into account the temporal sequence of the factors examined and their mutual relationships.

Materials and Methods {#sec002}
=====================

Study population {#sec002a}
----------------

The study cohort includes all VLBW infants (weight \<1500 g) and/or infants born at ≤32 weeks of gestational age, admitted at birth to the Neonatal Intensive Care Unit (NICU) of S.Orsola University Hospital, Bologna (North Eastern Italy), from January 1^st^ 2005 to June 30^th^ 2011. Newborns were recruited in a follow-up program up to 24 months corrected age. Infants with severe congenital malformations were excluded from the study.

Ethics statement {#sec002b}
----------------

Written informed consent to participate in the study was obtained from the infants' parents or legal guardians. Data were anonymized prior to data analysis and the study protocol (NEO-13--05) was approved by the Ethics Committee of the Azienda Ospedaliero-Universitaria of Bologna, Italy.

Outcome variable {#sec002c}
----------------

Neurodevelopment at 24 months CA was evaluated using the revised Griffiths Mental Development Scale 0--2 years \[[@pone.0116552.ref020]\]. This instrument is one of the most popular developmental test designed for use in children aged 0--2 years, particularly in the UK and Europe \[[@pone.0116552.ref021]\]. It requires approximately 45 min to be administered and evaluates five functioning domains: Locomotor, Personal-Social, Hearing and Language, Eye and Hand Coordination, Performance. It yields standardized domain scores and a composite General Quotient (GQ, Mean 100.5, SD 11.8). In this study, the test was administered by two psychologists with long-standing experience in developmental assessment.

The psychologists were aware of the aim of the study but they did not know nutritional data.

In line with previous studies \[[@pone.0116552.ref022], [@pone.0116552.ref023]\] the GQ was calculated using the tables of standardized scores for the English infants population \[[@pone.0116552.ref022]\], because the standardization for the Italian population is not available. For descriptive purposes the GQ was classified into the following categories: normal development (≥88.7), mild (88.6--76.9), moderate (76.8--65.1) and severe delay (≤65) \[[@pone.0116552.ref023]\] and in the path analysis it was centered around the median and divided by 10 to reduce its variance and obtain unbiased estimates. \[[@pone.0116552.ref024]\]

Study variables {#sec002d}
---------------

The main predictor of interest was feeding during hospitalization. Information on feeding was recorded at discharge and coded as human milk (own mother's raw milk, either given by bottle or directly from the breast), mixed (human milk for more than 50% of the daily intake) or exclusive formula milk. We assumed that infants fed human milk at discharge, either exclusive or mixed, had this type of feeding for the entire period of hospitalization. Preterms fed formula milk at discharge were either those fed formula milk during all their hospitalization or those that switched from human milk to formula milk during hospitalization. Information on the day of switch from human to formula milk was not recorded.

The in-hospital feeding protocol prioritizes human milk when possible. Newborns are breastfed, fed fortified expressed breast milk, mixed or formula, according to the available quote of human milk. As soon as possible, babies start breastfeeding; the portion of human milk taken by breastfeeding is not fortified. Fortification of bottle-administered human milk is routinely done during hospitalization at standard dosage with a commercial preparation. It starts when daily enteral intake reached 100 ml/Kg and is recommended after discharge until the weight of 3.5 kg was achieved. When needed, "preterm formula" containing 80--90 kcal/100 ml and proteins 2--2.3g/100 ml \[[@pone.0116552.ref025]\] is used during hospitalization and "post-discharge formula" containing 72--74 Kcal/100ml and proteins 1.8--1.9 g/100 ml is recommended after discharge until the weight of 3.5 kg was achieved.

The covariates included in the analyses were biological characteristics or complications occurred at birth or during hospitalization, that were chosen a priori based on their clinical significance and evidence from the literature of an association with neurodevelopment. Gestational age (GA) in weeks was based on the last menstrual period and first-trimester scan.

Weight (in grams) of the infants was collected at birth (BW) and at discharge by a trained neonatologist, and was measured twice at each time to reduce possible errors. Weight Z-scores were calculated using the Italian Neonatal Anthropometric Charts. \[[@pone.0116552.ref026]\] that were developed for newborns up to 42 weeks CA. For the few infants discharged at CA\>42 weeks, weight Z-score at discharge was calculated using the Eurogrowth reference that were developed for term newborns \> = 40 weeks CA \[[@pone.0116552.ref027]\]. Italian charts were preferred because they have been recently published and are more suitable for our cohort. In the overlapping period of 40 to 42 weeks CA, Italian and Eurogrowth charts are comparable, therefore we do not expect to introduce a bias by using two different reference charts. Weight measures were then recoded into binary indicators that classify as growth restricted at birth (SGA) and at discharge (EUGR) those infants with a standardized weight \<-1.28, corresponding to the 10^th^ percentile of the distribution.

Interventions and comorbidities observed during hospitalization were mechanical ventilation (MV), chronic lung disease (BPD, oxygen need at 36 weeks postmenstrual age), early and late onset sepsis (including both culture proven or clinical sepsis), necrotizing enterocolitis (NEC, requiring surgery), severe intra-ventricular hemorrhage (grade 3 and 4 as classified by Papile et al., \[[@pone.0116552.ref028]\] including post-hemorrhagic hydrocephalus requiring surgery) or periventricular leukomalacia, classified as the presence of periventricular cysts at any cranial ultrasound performed during hospital stay (IVH-PLV). Severe rethinopathy of prematurity (stages 3 to 5 according to the International Committee for the Classification of Retinopathy of Prematurity \[[@pone.0116552.ref029]\]) was not considered in the analyses because it had a very low prevalence (only 5 newborns). Socio-economic status (SES) was measured using the Hollingshead Index; \[[@pone.0116552.ref030]\] this index is obtained by combining the information on education and occupation of newborns' parents and ranges from 0 to 66. For the analyses, GA was centered around the median and SES was centered around the median and divided by 10.

Statistical analysis {#sec002e}
--------------------

Descriptive statistics included mean, median and standard deviation for continuous variables and frequencies for categorical variables. The effect of human milk feeding on neurodevelopment was examined first using a univariate linear regression. Then in multivariate models the effect of feeding was adjusted first for complications and second for all covariates.

Path analysis (PA) was used to model the effect of human milk on neurodevelopment, taking into account the relationships among predictors and their temporal sequence. This analytical strategy has already been used in the neonatology field to investigate the determinants of neurodevelopment \[[@pone.0116552.ref031]\] and of chronic lung disease \[[@pone.0116552.ref032]\]. Path analysis has advantages over the more traditional multiple regression because it allows to test whether relationships among variables hypothesized a priori fit to the data. Moreover, PA incorporates procedures for the estimation of missing values of the outcome variable, while regression uses only subjects with complete data thereby reducing the sample size. Specifically, Full Information Maximum Likelihood (FIML) \[[@pone.0116552.ref033]\] was used to predict the missing values of the outcome. This method can be applied when data missingness is unrelated with the outcome \[[@pone.0116552.ref034]\].

We developed two different PA models, to take into account that the date of occurrence of complications and the date of switch from human milk feeding to formula are not available. Therefore, the temporal sequence of these events cannot be clearly established. In the first model we hypothesized that type of feeding and complications were unrelated, and in the second model we assumed that type of feeding depended on complications.

In the PA models predictors were arranged starting from GA and SGA, followed by complications and type of feeding during hospitalization and then by growth restriction. We hypothesized that neurodevelopment was directly influenced by each predictor and that the EUGR condition would be influenced by the presence of complications, by the type of feeding and by newborn characteristics recorded at birth (gestational age and weight restriction). Finally, complications and type of feeding were hypothesized as influenced by GA and weight restriction at birth; type of feeding was also considered as affected by SES. Starting from the initial models including all the hypothesized relations, final models were obtained by trimming all non-significant effects (p\>0.05). All the effects in the PA model were measured by standardized regression coefficients. The goodness of fit to the data in the PA model was assessed using RMSEA, \[[@pone.0116552.ref035]\] CFI \[[@pone.0116552.ref036]\] and TLI \[[@pone.0116552.ref037]\] statistics and the proportion of variance of neurodevelopment explained by the predictors. A satisfactory goodness of fit is denoted by RMSEA values \<0.05 \[[@pone.0116552.ref038]\] CFI and TLI values \>0.90 \[[@pone.0116552.ref039]\].

Mplus 7.11 (Muthén & Muthén, Los Angeles, California, USA) was used for path analysis; all the other analyses were carried out using Stata 13.1 (StataCorp LP, College Station, Texas, USA).

Results {#sec003}
=======

From January 2005 to June 2011, 511 VLBW newborns were admitted at birth to the NICU (mean GA 29.0±2.7 weeks; mean BW 1179±373 g); 501 (98.0%) of them were inborn and 166 (32.5%) had BW\<1000g. Forty (7.8%) died during hospitalization, two were excluded due to trisomy 21, two died during the follow-up program and two were excluded because they were hospitalized for at least 18 months due to short bowel syndrome. Newborns lost to follow-up were 146 (28.6%), mainly because they were living far from our center or for parents' unavailability to attend visits. We further excluded from the analyses 3 preterms because they were outliers with at least four NICU complications and more than 150 days of hospitalization. Compared with the 146 newborns excluded, the 316 newborns included in the analyses had a significantly lower mean birthweight (1149.1 g vs. 1359.8 g; t-test: t = -6.24, p\<0.001) and gestational age (29.0 wks, vs. 30.9 wks; t-test: t = -8.40, p\<0.001) and significantly higher proportions of MV (25,3% vs. 15.5%; p = 0.019), sepsis (14.0% vs. 4.9%; p = 0.005) and BPD (20.9% vs. 2.8%, p\<0.001) at the chi-square independence test.

Demographic and clinical characteristics of the study population are listed in [Table 1](#pone.0116552.t001){ref-type="table"}. Newborns were 17.1% SGA and 62.3% EUGR. Feeding started as human or mixed milk for 300 newborns (94.9%), formula for 11 newborns (3.5%), while for the remaining 5 newborns (1.6%) data on initial feeding were not recorded. Feeding during hospitalization was 34.5% human milk (n = 109), 36.1% mixed (n = 114) and 29.4% formula milk (n = 93). Of the 300 starting with human milk feeding, 77 switched to formula milk (25.7%). The reasons for switching to formula feeding were mothers' insufficient milk production (n = 34, 44.2%) or the need of special milk due to infants' feeding intolerance (n = 39, 50.6%) and unknown in 4 newborns (5.2%). Of these 77 newborns, 58.4% (n = 45) had at least one complication. Among those fed human milk throughout the hospitalization, the percentage with at least one complications was 29.2% (65/223) and among those fed exclusively formula it was 45.4% (5/11). The χ²-test comparing the proportions of complications was equal to 21.43 (p\<0.001), with a post-hoc significant difference only between those switching and those fed exclusively human milk (χ² = 21.15, p\<0.001).

10.1371/journal.pone.0116552.t001

###### Characteristics of the study sample.

![](pone.0116552.t001){#pone.0116552.t001g}

  **Variables**                                                  **n**   **Frequency or mean±sd**   **% or median**
  -------------------------------------------------------------- ------- -------------------------- -----------------
  Female                                                         316     153                        48.4
  Weight at birth (g)                                            316     1149.1±341.2               1176
  Weight at discharge (g)                                        313     2110.6±386.7               1982
  GA (weeks)                                                     316     29.0±2.3                   29
  SGA                                                            316     54                         17.1
  EUGR                                                           313     195                        62.3
  Feeding at discharge                                           316                                
   Human milk                                                            109                        34.5
   Mixed milk                                                            114                        36.1
   Formula milk                                                          93                         29.4
  Intraventricular haemorrhage or Periventricular leukomalacia   316     19                         6.0
  Retinopathy of prematurity                                     315     5                          1.6
  Mechanical ventilation                                         316     80                         25.3
  Chronic lung disease                                           315     66                         21.0
  Sepsis                                                         315     44                         14.0
  Necrotizing enterocolitis                                      316     12                         3.8
  Socio-Economic Status                                          312     26.88±9.8                  28
  GQ at 24 months CA                                             276     93.4±15.8                  97
   mild delay                                                            54                         19.6
   moderate delay                                                        10                         3.6
   severe delay                                                          21                         7.6
  Weight at 24 months CA                                         266     11563.4±1660.2             11607.5
  Underweight at 24 months CA                                    266     87                         32.7

Mean±SD GQ at 24 months of CA was 96.7±12.6 for infants fed exclusively human milk, 95.1±16.2 for infants fed human milk and formula, and 87.2±17.1 for infants fed exclusively formula milk at discharge; because the mean GQ was similar in newborns fed human or mixed milk, we used a dichotomous variable to characterize human vs. formula milk for further analyses.

GQ at 24 months CA was missing for 40 newborns (12.7%). For 37 of them the reason for drop-out was that parents moved to towns distant from our centre or had working problems that prevented them from attending the follow-up visits; only 3 newborns were lost to follow-up because their developmental impairment became too severe.

Multiple regression analysis {#sec003a}
----------------------------

In the univariate regression, that was performed on 276 cases because of missing values on neurodevelopment, the standardized regression coefficient for type of feeding was β = 0.247 (p\<0.001). When complications were added to the model (n = 275), the coefficient for type of feeding changed to β = 0.159 (p = 0.004), suggesting that complications play a confounding role, but the effect of type of feeding remained significant. In the final multiple regression model ([Table 2](#pone.0116552.t002){ref-type="table"}) adjusted for GA, SGA, SES, IVH/PVL, NEC, MV, sepsis and EUGR (n = 271), human milk retained a significant positive effect on neurodevelopment (β = 0.109, p = 0.050): infants fed human milk had an estimated 3.80 points higher GQ score compared to those formula fed. Two other variables had a significant relationship with neurodevelopment: IVH/PVL (β = -0.361, p\<0.001) and SES (β = 0.203, p\<0.001). Newborns with IVH/PVL had an estimated 23.31 points reduction in GQ score compared with newborns without the complication, while GQ score increased by 3.28 points for a 10 point increase of SES. Overall the percentage of GQ variance accounted by multiple regression was 31.3%.

10.1371/journal.pone.0116552.t002

###### Results of the multiple linear regression of neurodevelopment on the complete set of predictors (n = 271, R^2^ = 0.313).

![](pone.0116552.t002){#pone.0116552.t002g}

                                   **Coefficient**   **Beta**   **p**
  -------------------------------- ----------------- ---------- ---------
  Human milk feeding during NICU   3.799             0.109      0.050
  IVH and/or PVL                   -23.307           -0.361     \<0.001
  NEC                              -5.067            -0.064     0.246
  Sepsis                           -1.124            -0.025     0.667
  Mechanical Ventilation           -3.831            -0.107     0.108
  Gestational age                  0.810             0.124      0.069
  SGA                              1.432             0.034      0.546
  EUGR                             -1.408            -0.043     0.453
  Socio-economic status            3.284             0.203      \<0.001
  Constant                         94.488                       \<0.001

Path analysis {#sec003b}
-------------

The PA models were tested on the full dataset of 316 newborns and are depicted in Figs. [1](#pone.0116552.g001){ref-type="fig"} and [2](#pone.0116552.g002){ref-type="fig"} showing all significant direct relationships among variables after trimming non significant relations. The first model ([Fig. 1](#pone.0116552.g001){ref-type="fig"}), in which complications and type of feeding were unrelated, confirmed the positive effect of human milk (β = 0.18, p = 0.011) and of SES (β = 0.19, p\<0.001) on neurodevelopment, while IVH/PVL (β = -0.49, p\<0.001) and growth restriction at discharge (β = -0.21, p = 0.13) were linked with poorer neurodevelopment. Only these four variables had a significant direct effect on GQ.

![Results of path analysis, model 1.\
The numbers on the arrows are standardized regression coefficients that indicate the strength and direction of effects between variables. *R*² indicates the proportion of neurodevelopment variance explained by the predictors.](pone.0116552.g001){#pone.0116552.g001}

![Results of path analysis, model 2.\
Significant effects of GA and SGA on neurodevelopment were identified: these were mediated by human milk feeding, complications and growth restriction at discharge. Specifically, SGA newborns were more likely to have sepsis and MV and those with lower GA were more likely to have IVH/PVL, sepsis, MV and NEC; in turn, sepsis, NEC and MV were associated with EUGR. This indicates that being SGA or having a lower GA does not have a negative impact on neurodevelopment *per se*, but only when it is followed by complications. Human milk feeding was more likely in newborns with higher GA (β = 0.39, p\<0.001), not SGA (β = -0.16, p = 0.026) and higher SES (β = 0.17, p = 0.013). Overall this model explained 41.2% of variance of neurodevelopment (about 10% higher than the multiple regression model) and had a satisfactory goodness of fit to the data (RMSEA = 0.036, CFI = 0.960, TLI = 0.936).](pone.0116552.g002){#pone.0116552.g002}

The second model ([Fig. 2](#pone.0116552.g002){ref-type="fig"}), in which type of feeding was assumed to be dependent on complications, had similar goodness of fit (RMSEA = 0.032, CFI = 0.966, TLI = 0.949) and a slightly lower explained variance of neurodevelopment (40.5%). Variables with a significant direct effect on GQ were the same as in Model 1: human milk feeding, EUGR, SES and IVH and/or PVL. The other complications, namely NEC, mechanical ventilation and sepsis, had no significant direct effect on GQ. Therefore, even in this model the positive effect between human milk feeding and GQ was confirmed and maintained the same magnitude (β = 0.20).

Discussion {#sec004}
==========

In this observational study we investigated the impact of human milk feeding on neurodevelopment using multiple linear regression and path analysis models and results of these models were compared. Our results indicate that human milk feeding had a positive effect on neurodevelopment, corroborating existing evidence on the effect of breastfeeding \[[@pone.0116552.ref040]--[@pone.0116552.ref042]\]. This effect was present after adjusting for complications, growth restriction and socio-economic status and was not mediated by these variables.

Our population had a high percentage (70.6%) of newborns fed human (34.5%) or mixed milk (36.1%) during hospitalization, as a result of a long-standing practice that encourages human milk feeding (provided as raw own mother's milk refrigerated at 4°C for up to 24 hours) plus standard fortification. This practice was introduced in the NICU after weighing the well-known benefits of mother's raw milk \[[@pone.0116552.ref043]--[@pone.0116552.ref050]\] with respect to the risk due to potential Cytomegalovirus transmission \[[@pone.0116552.ref051]--[@pone.0116552.ref053]\], as stated by the American Academy of Pediatrics \[[@pone.0116552.ref054]\]. In fact, most of the newborns who were formula fed began a human or mixed milk feeding and changed their diet during hospitalization. As a matter of fact, almost two thirds of the infants were underweight at discharge, suggesting that fortified preterm human milk, as well as preterm formula, may fail to meet the recommended energy and protein intakes \[[@pone.0116552.ref055]\]. Our PA model indicates that growth restriction at birth was *indirectly* related to poorer neurodevelopmental achievement. In fact, SGA newborns were more likely to have sepsis and to require mechanical ventilation. These two conditions were related to a higher probability of growth restriction at discharge. Moreover, SGA newborns' poorer outcome was mediated by their lower probability to receive human milk feeding. Instead, growth restriction at discharge had only a *direct* effect on GQand was unrelated with type of feeding. Higher GA was *indirectly* associated with a better neurodevelopment as a result of the lower probability of experiencing complications and of the higher probability of being human milk fed.

As expected, severe IVH/PVL was strongly and *directly* associated with poorer neurodevelopmental outcomes, while the negative effect of sepsis, NEC and mechanical ventilation was mediated by growth restriction at discharge.

Socio-economic status had a positive effect on neurodevelopment that was both direct and indirect, mediated by feeding. This indicates an association between higher socio-economic status and better neurodevelopment that may depend both on the family context and on higher propension of wealthier mothers to feed their babies human milk. This finding needs further investigation, but we may argue that families with a higher SES can have a higher awareness of the benefits provided by breastfeeding and ensure preterms a better cognitive stimulation in the home environment \[[@pone.0116552.ref056]\].

The strengths of the study are the use of an unselected cohort of relatively large size and the accuracy of data collection. Data were gathered prospectively by trained and experienced neonatologists and psychologists in a specialized center where infants are treated with standardized and evidence-based strategies. The study center belongs to the Vermont Oxford Network and has high standards of care and morbidity and mortality rates in the best quartile compared with the benchmark \[[@pone.0116552.ref057]\].

The present study has some limitations. The information on duration and dosage of human milk feeding was lacking. Information on date of switching from human to formula feeding and on the onset of complications was also missing, therefore we could not establish the sequence of the events. However, to address this limitation, we tested two PA models describing different scenarios and both of them confirmed the positive association of human milk feeding with neurodevelopment. Moreover, we lost a relevant quote of newborns eligible for the study: 28.6% did not attend follow-up visits; newborns in our cohort were not representative of the general VLBW population because at birth they were on average at higher risk than those who were not followed up. Lastly, 12.7% of preterms did not attend the 24 month visit; however, because their loss to follow-up was unrelated to the outcome in the large majority of cases, their outcome was unbiasedly estimated in the path analysis model.

Future perspectives include the extension of the follow-up in order to obtain information on development at older ages.

In conclusion, we strongly encourage the use of human milk during hospitalization, because, after controlling for the effects of other biological and clinical factors, it proved to be beneficial for neurodevelopment at 24 months CA and to mitigate the negative effects of lower GA and SGA.
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